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Abstract

This paper provides a general description of the Integrated Glolhbd®ade Archive
(IGRA), a new radiosonde dataset from the National Climatia [Dnter (NCDC). IGRA
consists of radiosonde and pilot balloon observations at more than 1500 gthbilyuted
stations with varying periods of record, many of which extend from18®0s to present.
Observations include pressure, temperature, geopotential height, dewpmiessa®, wind
direction, and wind speed at standard, surface, tropopause, and significant levels.

IGRA contains quality-assured data from 11 different sources. Riggmcedures are
employed to ensure proper station identification, eliminate duplieagtsl within soundings, and
select one sounding for every station, date, and time. The qualitarsswalgorithms check for
format problems, physically implausible values, internal inconsigieranong variables, runs of
values across soundings and levels, climatological outliers, and témgmada vertical
inconsistencies in temperature. The performance of the various chaslevaluated by careful
inspection of selected soundings and time series.

In its final form, IGRA is the largest and most comprehensivaseatof quality-assured
radiosonde observations freely available. Its temporal and spatiahgevise most complete over
the United States, western Europe, Russia, and Australia. Theaveggolution and extent of
soundings improve significantly over time, with nearly three-quadeedl soundings reaching
up to at least 100 hPa by 2003. IGRA data are updated on a daily baare awailable online

from NCDC as both individual soundings and monthly means.



1. Introduction

Radiosondes have been launched on a daily or twice-daily basis@tisstabund the globe
since the 1940s. During its one- or two-hour ascent from the surfac¢hmtstratosphere, a
radiosonde transmits its measurements to ground receiving statioaie they are processed
into pressure, temperature, dewpoint depression, and geopotential heightdi#atdn and
speed are obtained by tracking the position of the balloon during itstasbermodynamic and
wind observations may be provided at mandatory pressure levels, addigqoakd levels,
significant levels, and certain fixed-height increments. Mandgim@ygsure levels include those
specified by the World Meteorological Organization (WMO 1996; 1000, 925, 850, 700, 500,
400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa) as well as those additional levels
suggested by the U.S. National Weather Service (FCM-H3 2004; 7, 5,18 2,l#a). Surface
observations taken at or near the launch site are included in the soasdan(surface level."
Conforming to standards set forth by the WMO, the radiosonde, wind, andesoréasurements
are compiled into a report that is transmitted as a binary-codestage over the Global
Telecommunications System (GTS) to various regional and nation@orokgical centers
around the world, where they are processed, archived, and redistributedrtmocations (WMO
1996).

Although radiosonde observations have traditionally been taken primarilgeqrurpose of
operational weather forecasting, they are critical to other agtjghs, including model
verification, climate research, and the verification of satellteasurements (Finger and
Schmidlin 1991; NRC 2000; Free et al. 2002; Durre et al. 2005). Radiosondereneasts also
constitute the only source of upper-air information prior to the 1970s and Histegically

provided a higher vertical resolution than satellite observations. Comséguarious efforts



have been undertaken to compile historical collections of these obgesvalhe Radiosonde
Data of North America (Schwartz and Govett 1992), the TOGA COMNREer-Air Sounding
Archive (Loehrer et al. 1996), and the Historical Arctic Radiosonadide (Kahl et al. 1992)
are examples of sounding archives constructed for the purpose of agalyazi weather and
climate of a particular region. He Global-scale datasetswidings have been assembled by the
reanalysis projects (Kalnay et al. 1996; Uppala 2005) and in the Ns&idnal Climatic Data
Center's (NCDC's) Comprehensive Aerological Reference Dettdf CGARDS; Eskridge et al.
1995). As foundation for two analyses of bias-adjusted monthly-mean teorpeflaanzante et
al. 2003a,b; Thorne et al. 2005), CARDS is perhaps the most widely uskdsef datasets.
However, unlike the regional datasets, CARDS and the reanalysisdafuhave neither been
made available in an easy-to-use format, nor have they necebsarlysubjected to a high level
of scrutiny for proper station identification (see Appendix; Haimberger 2005).

The Integrated Global Radiosonde Archive (IGRA) project at NCBi&ttutes an effort to
produce a user-friendly, easily accessible data set of qusfityed radiosonde observations
from around the world. Specifically, the goals of the IGRA projeet(d) to combine as many
reliable data sources as possible into one radiosonde archive, (2) kopdawve apply quality
assurance algorithms that remove gross errors in the data, §8} toto place an automatic
system for updating the resulting archive on a daily basis, and gtpvide unrestricted online
access to the data. This paper provides an overview of the merginguality assurance
methods used in IGRA as well as a general description of theetlaata sources and merging
procedures are discussed in Section 2. An overview of the qualityrassa@proach is given in
Section 3. Section 4 lists the types of data and auxiliary infaymatailable as part of IGRA.

Sections 5 and 6 contain a description of the final dataset and accmgiarison with other



global-scale sounding archives, respectively. A summary and future folal GRA are provided
in section 7. A discussion of the motivation for replacing CARDS, aocdngarison between

IGRA and CARDS, are presented in the Appendix.

2. Data Integration
a. Data Sources

IGRA constitutes a compilation of 11 source datasets (Table édtseélbased on the timely
availability of the data, the existence of documentation for codes@meentions, and data
quality. The core of IGRA consists of four GTS-based datasetsvidratpreprocessed at one of
three locations in the United States: NCDC (1963-1970 and 2000-prekerif)ational Center
for Atmospheric Research (NCAR; December 1970-1972); and the Natierters for
Environmental Prediction (NCEP; 1973-October 1999). Since these datesets nearly
consecutive periods of record, their records were concatenated intcayeé time series per
station. Depending on data availability, the resulting time serégsbegin as early as September
1963 and continue until present. Many of the concatenated core records eo@t&imonth
break between the end of the NCEP/NCAR GTS in October 1999 and thmnibggof the
NCDC real-time GTS in January 2000. This gap is, in many caked,if with data from other
sources.

Two additional GTS data sources originate from the Australian aBucé Meteorology
(1990-1993) and the All-Russian Institute for Hydrometeorological Information (199§-Zafr1
a variety of reasons, including differences in decoding practice® swasages transmitted over
the GTS are decoded only at certain receiving centers and ndtess.othus, even though

extensive duplication generally exists among the core, Austraiah,Russian GTS data, the



latter two sources occasionally supply soundings that are eithpresant or incomplete in the
core data.

Five other datasets are also merged into IGRA. With a pericetofd spanning 1946-1973,
a dataset compiled by the United States Air Force extendedbeds of many stations back in
time from the 1960s to the 1950s or 1940s. The temporal completeness arad ne=tilution of
data at stations in the United States, Australia, Argentina, auith &orea are further enhanced
by four country-specific sets of data that were archived beforetthasmission over the GTS
and thus contain levels not found in the GTS data. (Six additional sand@sed at NCDC
were excluded from IGRA due to questionable data quality, undocumentety @sslirance
flags, or unusual and undocumented conventions for reporting pibal observations.)

In most data sources, stations are identified only by their statiomber and location.
Consequently, information such as the name and country of the statioroltameed from
external sources: GTS metadata from NCEP and NCDC; thensiaventory of the Global
Historical Climatology Network (GHCN; Peterson and Vose 1997); WMO Ratldic 9 Volume
A (WMO 2004); and a list of station moves affecting National WeaService stations (Elliott
et al. 2002). In those rare cases in which significant discrepaagist in the information

provided by the various lists, online searches were used to determine any necessayeor

b. Data Comparisons

A set of intersource data comparisons was performed to check fan@msistencies in
station number assignments or widespread systematic discrepamoag data sources. Using
all elements at the five mandatory levels between 850 and 300 hREtahir each station in

any one source were compared with the data for all other stati@weiy other source. Taking



into account differences in processing procedures among the varioussalataes, two
overlapping station records are considered to closely match eachf @tlsggnificant percentage
of the differences between pairs of values fall within the anityl thresholds listed in Table 2,
i.e., the “percentage of similarity” exceeds a specified value would expect to find such a
match when data for the same station (e.g., 72210) are availablelifferant sources, but not
for two entirely different stations. Yet the latter situationsloecur on occasion. For example,
for station 72210 in the core GTS data and station 72211 in the U.S. date, 8.6 of
compared values are “identical” during the overlapping period of 1992-1995d Bas@n
examination of station history information and the various sources af slath cases were
handled either by excluding one or both station records from further pmoges, as in the
aforementioned example, by reassigning one of the records to the station number of the other
The comparison results further reveal a number of cases in whidappiag records for a
particular station from different sources are less similan tmight be anticipated or desirable.
For example, for approximately one quarter of all stations comptegercentage of similarity
is less than 90% for at least one data element. Such reldbvelyimilarities tend to be more
common during the 1950s and 1960s than in later years. The disparitieshatghetintegration
of different data sources can result in spurious shifts and additionalindig resulting data set.
As a result, the construction of a single merged archive frompieuources necessitates the
development of merging procedures that minimize the risk of introdusiic undesirable

characteristics.



c. Station Selection and Data Merging

The core IGRA station network consists of land-based stations wahrdéhe NCDC real-
time GTS since these are the stations with the most rel@d#d@on information. This network is
supplemented with identifiable stations that no longer report obseryabanssignificantly
enhance the spatial coverage during the historical record (Figiven ¢is combined network,
the selection of data sources to be used takes place on a stasiatidoy-basis. For any
particular station, the core GTS data are used as the baseé aecbsupplemented with only
those sources for which the percentage of similar values equédasat90% for each data
element in all possible comparisons. Any new source whose record dgesvide a period of
overlap for comparison with at least one other source is excludedttiainparticular station’s
record.

Once the sources to be used for a station have been selected, téheiredmerged on a
sounding-by-sounding basis. When soundings with the same time stamp iableavfeom
multiple sources, the sounding with the largest number of values isrchidse same procedure
is also used to eliminate multiple occurrences of soundings foathe station and time within
any one data source, which may arise from transmission or processing} Since some data
sources report the nominal observation time (e.g., 00 UTC) as the dlmsehaur, while others
report the hour closest to the launch time (e.g., 23 UTC), the soundmtheikargest number of
values is also retained when identical soundings appear consecutithetytwo hours of each
other. Allowing for differences in data processing, two soundings fréfareht sources are
considered identical if at least 90% of the absolute differendesée values at levels common

to both soundings fall within the previously defined similarity thresh@dble 2). Consecutive



soundings that meet these criteria of similarity and whose s$iar@ps are more than 2 hours
apart are discarded (i.e., the duplication of their data is considered erroneous.)

Two additional procedures are then applied to the merged datas#y, Witk the purpose of
identifying cases in which identical soundings are reported simoltghyeat more than one
station, the mandatory-level 850-t0-300 hPa data of concurrent soundingsllfsiatians are
compared. Approximately 60 000 soundings (0.2%) were identified as ititarsdaplicates and
removed from the dataset. Secondly, composite records were crea@chdmber of stations
whose radiosonde observations were reported under two or more station nomdyetisne.
Many such changes in station number occurred without a discernible dhastgéon location
and were the result of changes in the numbering system used byMbke (é&/g., at Canadian
stations in 1977). The compositing procedure merges the records of sumtsstdat one record,
which is then assigned the station number of the most recent stati@udition, in the
contiguous United States during the 1990s, a number of radiosonde obsergingesganoved
to nearby locations that reflect the same respective regitmabkpheric conditions (Elliott et al.
2002). The records of such stations are also combined, as long asig¢hes and new locations
are within 150 km of each other, and their periods of record do not overlag5Themposite
stations are identified in the IGRA station list, and the datestemes of the first and last
soundings of each original station record and the corresponding composittaee listed in an
auxiliary documentation file. Users engaged in climate changiestare advised to consider the
potential impact of the compositing on their specific analysisicpéatly when the emphasis is

on the planetary boundary layer.



3. Quality Assurance

The quality of radiosonde data is compromised by a variety of obseryaansmission, and
processing problems (Schwartz and Doswell 1991; Gandin et al. 1993n Ga&é). In general,
quality assurance procedures for sounding data rely on principles wiaintensistency, basic
physical relationships, and/or statistical methods (Kahl et al. E¥idge et al. 1995; Loehrer
et al. 1996; Collins 2001a,b). Some approaches employ a decision-makinthaigbiat takes
into account the results of multiple tests, while others applyjaesee of independent checks.
Since the performance and complexity of the decision-making appneahbighly dependent on
the number and types of checks applicable to any particular data peisgdquential approach is
more straightforward to evaluate when working with a datasetwaiiable temporal and spatial
resolution. Consequently, a sequential approach is employed in IGRA.

To account for the variety of errors that may be present, the I@RAty assurance system
consists of a series of specialized algorithms that are dpplicessively. Each successive check
makes a binary decision on the quality of a value, level, or soundihgr #ie data item passes
the check and remains available, or it is identified as erroneoushasadset to missing. As
discussed in Peterson and Vose (1997), this approach relieves the efrdrasiie burden of
determining the meaning of quality flags. However, for users stetein making their own
binary decision based on our quality assessment results, record-kekgsirigting erroneous
values are provided by the authors upon request. For all checks, the thresedlds identify
erroneous values were selected based on a careful evaluation of botlrgustatistics and
specific examples of the values identified as unrealistic.

The IGRA quality assurance procedures can be grouped into seven geategairies:

fundamental “sanity” checks, checks on the plausibility and temporalstemsy of surface
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elevation, internal consistency checks, checks for the repetitionudsyallimatologically-based
checks, checks on the vertical and temporal consistency of tempgeatdrdata completeness
checks (Table 3). The first four categories eliminate grosgsethat might compromise the
performance of subsequent algorithms. The climatology and tempecatsestency checks
identify outliers based on station-specific climatological patareseand are applicable only when
sufficient data are available for computing the required stsisfAlthough all variables are
guality-assured, temperature, pressure, and geopotential height ssmeewhat greater scrutiny

in order to facilitate operational climate monitoring activities at NCDC.

a. Fundamental sanity checks
Each data source undergoes two sanity checks, the first being a basic plaulséuktyoc

determine whether the date, observation hour, launch time, and data values in each sounding fall
within certain gross plausibility limits (Table 4). The date and time lirdéatify instances of
invalid days of the month (e.g., April 31), invalid times of day, and soundings with a missing
observation hour. Soundings with such invalid dates or times are excluded from further
processing. The data limits are chosen so as to remove values that cleadyadiXasavn
world extremes, such as temperatures less than -120°C or greater than 70°C. Overalif 0.25%
all date/time stamps as well as 0.025% of all data values were found to be implausible

The second sanity check, which focuses on “duplicate” data, idenafses @ which two or
more data levels within a sounding have identical pressure valuésorpiessure is reported,
identical heights. Such cases of level duplication are addressechbying any data values that
differ among the duplicate levels and combining the remaining dat@me level. For example,

a sounding may contain two 500-hPa levels, one with geopotential heigiperégare, and
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dewpoint depression and one with geopotential height, wind direction, and wiedl. $pthe

geopotential height values at the two levels are identical, thee fdah the two levels are
combined into one level containing all variables. If, however, the two gaagdtheight values
do not agree, then the geopotential heights are removed from both wklfhe remaining
values are combined into one level from which only geopotential heighssng. Of the more
than 30 million soundings processed, approximately one quarter containedtdupirets, with

an average of three such levels per sounding. Discrepancies in ldas awever, were found

only at a few percent of these duplicate levels.

b. Checks on surface elevation

Surface observations are frequently included in a sounding as a &slenfat’ identified by a
special level type indicator. The height of such levels genesafiinates either from the source
of the sounding data or from various station lists used during initgepsing at NCDC. The
accuracy and temporal consistency of these heights can thus be caedrm errors in the
original data sources or station lists, by processing problems, thebptegration of multiple
sources reporting different elevations for the same station in time. @b, it was necessary
to develop procedures for the removal of gross errors and unreaistporal variations in
surface level heights.

The two surface elevation checks involved the computation of "monthly methaations”
as well as the inspection of elevation time series for untieadigikes or jumps. First, isolated
errors were removed and intersource discrepancies were reducepldnmg the surface level
height in each sounding with the monthly median elevation generated dillomwvailable

soundings for the corresponding station, year, and month. Next, each statren’'series of
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monthly median elevations was examined for unrealistic featuremdpewith implausible
elevations were identified, and the respective surface level bewghite set to missing. In
inspecting the elevation time series, features considered uticealctuded any combination of
the following characteristics: significant (>50 m) discontimgitor spikes in the time series,
inconsistencies with corresponding time series of surface pressur@ large discrepancy with
either the elevation reported in WMO Publication 9 Volume A (WMO 20@04he elevation of
the nearest grid point in the Global One-Kilometer Base Elevd®. OBE) dataset (NGDC
2004).

An example of a station with implausible and temporally inconsigtienations is shown in
Figure 2. This station, Atyran, Kazakhstan, has a WMO elevation oh;28GLOBE elevation
of -37 m, and a mean surface pressure of 1018 hPa. Thus, the monthly neadiaions around
3000 m up to the early 1960s, around 500 m in the mid-1970s, and around 10 000 m in 1982 are
grossly inconsistent with the remainder of the time seriegedisas with the other sources of
station elevation. Consequently, Atyran's surface level heights dineisg months were set to
missing in IGRA.

As a result of the procedures described above, the insertion of the ynoettin elevation
resulted in a change from the original surface level height iroappately 3% of all soundings
with a designated surface level. Based on the time series tiospehbe surface level height was
removed from an additional 1% of surface levels. Since these procedgree both manual
inspection and the availability of data for an entire month, theyatr@art of the system that
updates the archive on a daily basis. In update mode, the height od@edexfel is set to the
station's most recent known elevation, and internal consistency chiecksea to remove any

grossly erroneous elevations.
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c. Internal consistency checks

The internal consistency checks developed for IGRA address casegsafal inconsistency
among different variables or among values of one variable at differeels within a sounding.
For instance, two algorithms evaluate the physical consistencyessyse and geopotential
height. Another series of checks ensures that a sounding containg anmeslid surface level
and no below-surface levels. Additional checks include one that compareddase time to the
reported observation hour and one that evaluates wind direction when the wind speed is 0.

The first algorithm comparing pressure and geopotential heighiikisto a hydrostatic
check (Gandin 1988) but is independent of the temperature profile withirsdineding
examined. In this "hypsometric check," the range of plausible presalues for any given
height is determined from the hypsometric equation using the exitvalnes of the average
temperature of the atmospheric layer between the surface alesde¢hen question. The extremes
of the layer-average temperature are computed using the lagsdéroan the 1976 U.S. standard
atmosphere and assuming surface temperatures of -60°C for the welde=xand 60°C for the
warm extreme. Given these parameters, the hypsometric cheoka®mross inconsistencies,
such as 30-hPa levels with geopotential heights of 0 and surface \Watrelgeopotential heights
of 3000 m (Fig. 3). Such inconsistencies were found at 0.09% of the appmrlyi®@®d million
levels in the dataset.

Although the hypsometric check removes gross inconsistencies betwessorp and height,
it does not guarantee the monotonic increase of geopotential heigtdegreasing pressure. To
ensure that this basic relationship holds true in all soundings, a selgumndhm, the "height

sequence check," compares the changes in pressure and height beltvpessilale pairs of
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levels within a sounding. In this iterative multi-step procedure, tigghthef each pressure leviel

is compared with the height of every ley@laving a higher pressure. If the geopotential height of
level k is found to be less than or equal to the geopotential height ofjlethed numbers of
violations for levelg andk are each incremented by 1. Once all possible pairs of levéls wit
the sounding have been compared, the level with the largest number abr®la removed.
This process is then repeated until no more violations are found. Baslee beight sequence
check, approximately 0.003% of the levels in the dataset were removed.

Following the hypsometric and height sequence checks, each sounding cteiddpe the
existence of multiple surface levels. In soundings in which moredharsurface level remains,
all such levels are deleted. When a level containing only height isnadvalues is located at the
same elevation as the surface pressure level, the two legaiseaged into one surface level. Of
the 28 million soundings processed, approximately 55% contained a validespréssure level,
8.4% required the merging of surface pressure and wind levels, and 0.04%thedmhultiple
surface levels. In addition, a one-time manual inspection of the batoacords of surface
pressure and temperature was aimed at identifying gross shifteonsistencies in the two
variables. This analysis revealed unrealistic features thatppednthe removal of surface levels
for 1968-1970 at former Soviet Union stations as well as for 1967-1972 and 1992-1997 at
Chinese stations.

Several of the data sources contain levels whose pressure or geopotential helighttisebe
surface pressure or elevation of the station. In general, these “below-sietadts’tonsist of
data that have been extrapolated from the surface down to any mandatory pressure &t happe
to fall below the surface. When extrapolated levels are flagged as such in tleedsdaset, they

are automatically excluded from IGRA. However, because sxtnapolated levels are not
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correctly labeled and because transmission errors can also produce belowlsuefacan
additional check identifies all types of below-surface levels. Specifieaftyessure level is
considered to fall below the surface if its pressure is higher than the presswesafface level
or its geopotential height is less than the height of the surface level. In a sountdmg wivalid
surface level, any pressure level whose geopotential height is at least 10 mhieatogdtan
elevation of the current month is removed. Based on these thresholds, 0.05% of the levels
processed were identified as below-surface levels.

An examination of the data revealed the necessity for two additgamgdle consistency
checks. In the check comparing the observation hour of a sounding with tleeponiding
reported launch time, soundings are deleted if the launch time ddwatesre than three hours
from the observation hour. Differences of such magnitude were iddniifieypproximately
0.25% of all soundings. Another check removes wind direction and speed whgredeis

equal to 0 and the direction is neither O nor 360 degrees, a condition found at 0.16% of all levels.

d. Checks for the repetition of values
The next set of checks looks for runs of values in time and in thealeA run is defined as
the repetition of a value over a certain number of consecutive soundiley®lst ending with a
change to another non-missing data value; the absence of a valumiimdang or level does not
interrupt a run.
The following four checks are applied:
(1) a check for runs in surface pressure, surface- and mandatory-level tempanature
mandatory-level geopotential height that extend over more than 15 consecutive soundings;

(2) an hour-specific (e.g., 00 UTC) runs-in-time check analogous to check (1);
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(3) a procedure that looks for temperatures of the same value extending acratdiaelea
consecutive surface/mandatory levels or across at least five signiéeals in a sounding;

(4) a pairwise vertical run check that identifies the repetition of the sameinaitber
temperature and dewpoint depression or wind direction and speed over at least five

consecutive pressure or height-only levels. Among the more interesting runsedearti

cases of 40 consecutive 1000-hPa surface levels, -7.5°C temperatures at nine consecutive

mandatory levels between 850 and 30 hPa in a sounding, ten 24.4°C temperatures at

significant levels between 937 and 429 hPa, and 0 wind speed and direction throughout an

entire sounding.

The manual inspection of extremely long runs also revealed thtereasof several peculiar
data problems. These problems consist of excessively frequent ocesrref certain
temperature or geopotential height values within specific geogedptagions, periods, data
sources, and atmospheric levels. In the most egregious case, mafelaisnat and above 100
hPa (as well as at 1000 hPa) contained an unusually high number of 7. p¥atemes at many
stations during November and December 1967. All such values were édichimnaspecifically
designed checks as they might otherwise seriously impact the qua@iRAfdata. All in all, the
various procedures for identifying excessive repetition of valueswethapproximately 0.02%

of all data values.

e. Climatological checks
A two-tiered set of climatological checks removes geopotentightetemperature, and
pressure values that deviate by more than a certain number of dtded&tions (STDs) from

their respective long-term means. In the first tier, the ¢biogical means and STDs are
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calculated for the entire period of record for each station andupeeksel, whereas in the
second phase, the climatological statistics are stratifietdri®yof year and time of day. Due to
their less stringent data requirement, the tier-1 checks cappliechto a larger number of data
values than the tier-2 checks. On the other hand, the tier-2 checksfalltive use of tighter

thresholds in the identification of outliers because their STDs doeflett the seasonal and
diurnal variations included in the tier-1 statistics. Furthermore,tigre? statistics are not

computed until after the tier-1 checks have been applied and thus ededvaa cleaner set of
data.

The means and STDs of surface pressure and temperature aaswalindatory-level
geopotential height and temperature are calculated using biwéallstiss as described by
Lanzante (1996). The biweight statistics tend to be more resistantliers that may be present
in data that have not undergone advanced quality assurance. For theh#ekd, a mean and
STD are produced as long as at least 120 values are availaldlegioen station, level, and
variable during the station's period of record. For the tier-2 chetekistiss are calculated for
45-day windows centered on each day of the year and in 3-hour windows, prénatiat least
150 values are available for any station, level, and variable in a giwe interval. The means
and STDs at other pressure levels (e.g., significant levels)eaineed as needed by interpolating
linearly with respect to the logarithm of pressure between theesteadjacent mandatory levels.
Recognizing that actual changes in temperature with height aswets linear, we compared
the statistics derived by linear interpolation with those computetg usli available levels
(mandatory and significant) in 1-hPa slabs throughout the troposphereratodmtere. Visual

inspection of the two types of climatological profiles at acde87 globally distributed stations
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(Lanzante et al. 2003a) revealed few significant differencesgstigg the linearity assumption
is viable from a quality assurance perspective.

To choose thresholds for labeling values as outliers, we visually cedhdar all stations,
the time series prior to the climatological checks to thoseviiollg the application of the tier-1
and tier-2 checks, using various thresholds between 3 and 7 STDs. Weigelpjetentified
thresholds such that the algorithms neither remove a disproportionate rnofmvadues within
the normal range of variability nor fail to remove a significaninber of points that are clear
outliers. In the tier-1 check, a threshold of 6 STDs was chosenl fore# variables. For the tier-
2 check, a threshold of 5 STDs was chosen for geopotential height, &¢mmpeand below-
normal surface pressure, and a threshold of 4 STDs was selecaddvernormal pressure. (The
asymmetric thresholds for above- and below-normal surface presstegeset in recognition of
the fact that high-pressure anomalies tend to be smaller in tudgnthan low-pressure
anomalies.) These thresholds resulted in the removal of approxinfeléfy of all pressure,

temperature, and geopotential height values by the tier-1 and tier-2 checks.

f. Additional checks on temperature

The inspection of various temperature time series and soundings ecevewdt the
climatological check alone is incapable of satisfactorily rempvall outliers without also
removing realistic extremes. Figures 4 and 5 show examplesnoé series and a sounding with
outliers that are clearly erroneous when viewed in context with e¢hgperatures within their
temporal and vertical vicinity. However, to address outliers theg thees climatological checks

but are vertically or temporally inconsistent, additional vertécal temporal consistency checks
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were developed specifically for temperature. These procedureleseabed briefly here and in
more detail in a separate paper (in preparation).

The supplemental vertical consistency checks for temperature empdogre profiles
derived from the tier-2 climatological means and STDs. For instaae entire temperature
profile is eliminated if it is judged to be grossly abnormakmmis of either its median z-score or
its median absolute level-to-level z-score difference. Additiohacks remove one or more
temperatures from a profile if the z scores are clearbnisistent with either the entire profile or
values at adjacent levels. When applied to IGRA, the procedures togiethiied 0.08% of all
temperatures as vertically inconsistent.

Two temporal consistency checks are also applied to surface and tomgsheleel
temperatures. These checks are based on z scores derived usingahem@an and STD for
any station and level, provided that at least 120 such values remainifigilthe climatological
and vertical consistency checks. The first identifies outliersdifi@r by more than two STDs
from all other temperatures within +-22.5 days, while the secondnvauges a difference
threshold of one STD and time window of 2.5 years on either side of taetipbbutlier. Both
variants examine only those temperatures whose absolute z sgoeatey than 2.5 and require
that temperatures be available on at least half of the daye itime window. The temporal

consistency checks together removed approximately 0.004% of the temperaturesRram IG

g. Checks for data completeness
The IGRA quality assurance process also ensures that the @atlasets to certain minimum
requirements for completeness. For example, each station musttheast 400 soundings. An

“isolated sounding check” eliminates groups of fewer than three sourslingsinded by at least
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31 days without data, groups of fewer than 15 soundings surrounded by gaps ofdhtks (92
days), and groups of fewer than 28 soundings flanked by gaps of half a year (182.5 Days).
Within a sounding, wind speed and direction must always appear togettiea, dewpoint
depression may exist only if it is accompanied by a temperatutee same level. A pressure
level is retained if it contains valid thermodynamic data and/od weihd data. Levels with a
height but no pressure are permitted to exist if they contain watid data. A sounding may
consist of any combination of pressure levels and height-wind levéd®@ss there is at least

one non-surface level.

4. Availability of Data and M etadata

IGRA is available at no charge from the NCDC website. In audito the individual
soundings, NCDC provides monthly means of geopotential height, tempeeatuvell as zonal
and meridional wind components at the surface, tropopause, and mandatasyfdevidie
nominal times of 00 and 12 UTC.

IGRA is updated on a daily basis with GTS messages receiygttasf the NCDC real-time
GTS data source (Table 1) on the previous day. Using the same precidiureere applied to
the historical data, the update process ensures that soundings andadevpisperly sorted,
removes duplicate levels and soundings, and employs all applicable quality assurasber@soc
Checks that require data for periods of time longer than a few dagh as the runs-in-time
check and the check for temporal consistency in temperature, angpfietiaas part of the daily
update process. These algorithms will instead be applied when redssdns of IGRA are

created.
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At present, IGRA metadata includes the name, most recent locatidrperiod of record of
each station. Additional metadata, available upon request from the autictude the station
history information collected by Gaffen (1996) and recently updated throagtacts with
representatives from WMO Member countries. Although many data socwoéained additional
metadata, such as the type of radiosonde used in a sounding, inconsistenbesoding
conventions used over time and across data sources complicate #ffarigerpret this
information and reconcile it with the other available station histdigrmation. Consequently,

the processing of this information was left for future versions of IGRA.

5. Description of the Dataset

IGRA consists of quality-assured soundings at over 1500 globally diswlitstations with
varying periods of record. Although the overall period of record is 1938 to present, the length and
completeness of record vary widely among stations, and the vedstdltion, vertical extent,
and completeness of soundings improve considerably over time. Mandatdsy dewnerally
include geopotential height, temperature, wind direction, and wind speeainBegin 1969,
dewpoint depression is usually also available in the lower and midglesphere but becomes
scarcer in the upper troposphere because of the general practdiecomtinue humidity
measurements at temperatures less than -40°C (Elliott andnGEFP1; Garand et al. 1992).
Temperature and dewpoint depression are also available at signifieamodynamic levels
(which usually do not include geopotential height). Wind observations @oged at significant
thermodynamic levels or at separate levels whose elevation is defined by passiardieight.

The dataset contains slightly more than 28 million soundings withah @dbt800 million

levels. Approximately 20 million of the soundings from roughly 1250 statiomstain
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temperature measurements, with the remainder consisting of onlyopgervations. As shown
in Table 1, 82% of the soundings originate from the GTS-based corealates, while the
other large-scale sources and country-specific datasets conG#uaed 12%, respectively. The
most frequent observation times available are 00 and 12 UTC beginrii8§8nand 03 and 15
UTC before that year. The majority of stations take observatwite tdaily at or near those
observation times, and some provide observations even more frequently; hawveuerber of
stations only have one sounding per day for extended periods due to a kglipphent or
observers.

As indicated by Figure la, IGRA contains stations in most are#seaflobe. The spatial
coverage is most complete in Europe and sparsest in northern Canediar, Arttarctica, and
equatorial Africa. However, the total number, spatial distribution, amghéral completeness of
stations vary considerably over time (Fig. 6). For each year batd®38 and 2003, Figure 6
displays the total number of stations (dashed line) and the numbetiohstreporting one or
more soundings on at least 80% of possible days (solid line). Durirggtlyepart of the record,
the number of stations increases from one station (in Tasmandi@3@to several hundred in the
early 1960s, when most of the stations report data on more than 80%dafsh@&y the time the
number of stations peaks in 1991, approximately 840 of the available 118asstaport at least
one sounding on at least 80% of the days. Station closings are resptorsibiedecline in the
number of stations in recent years. Relative to the map obtbrss (Fig. 1a), the distribution of
the 937 stations active in 2003 (Fig. 1b) exhibits the most pronounced defigiestern
equatorial Africa.

The jumps in the number of stations in 1946, 1963, and 1973 (Fig. 6) are relatethges

in the number or type of data sources contributing to IGRA (Tableefyr&the beginning of
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the first GTS data source in September 1963, the U.S. Air Force camdrnespecific U.S.
sources each account for nearly half of the soundings (approximately a4®P644%,
respectively), with the remainder provided by the country-specificcesupr Australia (nearly
8%) and Argentina (<1%). Consequently, during this early period, IGR#Aos$ are
concentrated in the contiguous United States, Alaska, and the formest &bvon, with
additional stations in parts of the North Atlantic, southeast Asi@emina, and coastal
Australia. With the jump in 1963, coverage of western Europe, China, anu Begias, while
many stations in Africa, Brazil, Central Asia, and India do not becawailable until the late
1960s or early 1970s.

The change in vertical resolution and extent over time is ilkestrAy time series of the
average number of mandatory and total levels per sounding (Fig. Bllaasviime series of the
percentage of soundings reaching up to at least 100 or 10 hPa (Fig.f@e Be 1960s,
soundings consist primarily of mandatory levels below 100 hPa. By tlyel880s, most of the
soundings contain observations up to the 100-hPa level and include someasigtefiels. The
addition of large numbers of stations with varying degrees of dat@leteness accounts for the
overall drop in the percentage of soundings reaching into the stratosiineg the late 1960s
and 1970s. Overall, however, the vertical resolution of soundings continuegitovén as
indicated by the rather monotonic rise in the total number of levelsqumding. By 2003, the
average sounding consists of 11 mandatory and 35 additional levels, and 74%o0({3&l%0)

soundings reach at least a 100-hPa (10-hPa) level.
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6. Comparison with Other Global-Scale Datasets

As mentioned in the Introduction, there have been other efforts to cogipilal-scale
radiosonde datasets. The most recent of these efforts have been kendéntssupport of
reanalysis projects at NCEP (Kalnay et al. 1996) and the EuropaneGor Medium-Range
Weather Forecasts (ECMWF; Uppala 2005). Another relevant compilegidhe CARDS
dataset previously produced by NCDC (Eskridge et al. 1995). Like IGR&setthree data
archives combined numerous sources of upper-air data and applied sonme afequality
assurance. An obvious question is, "How different are these compilations from IGRA®Iost
straightforward answer lies in the relative accessibilitgadth archive as well as the quantity of
data contained therein.

As discussed in greater detail in the Appendix, user access RDSAs hampered by
inconsistencies and complexities in its data format and inadequacits quality assurance
system, complications that are not present in IGRA. A comparisthre @fata holdings of IGRA
and CARDS (see Appendix) indicates that the two datasets idifferms of the number, length,
completeness, and overall quality of station records. Even though CARDiGIns 868
additional stations, the vast majority of their records are rathert and incomplete. While
CARDS provides greater spatial coverage before 1970, IGRA exbimtewhat greater post-
1990 data coverage (Fig. Al). In this respect, the results are satswilar to those obtained
from Haimberger's (2005) ERA-40-to-IGRA comparison and can be as#tdbiat the IGRA
project’s particular attention to record integrity. This integien is further supported by an
analysis of selected time series of monthly-mean temperahamalies derived from the two

datasets (Free et al. 2005), which reveals that the CARDS®nstaitords for the surface and
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1000-hPa level are somewhat more likely to exhibit unrealisti¢sstiin the corresponding
IGRA time series (e.g., Fig. A2).

While IGRA is available online as station-by-station ASC#dilthe reanalysis input data are
not as readily accessible, thus complicating efforts at ditatet comparisons. Since the input
data to the NCEP/NCAR Reanalysis are distributed only in tme @frindividual data sources
rather than as a single comprehensive dataset (J. Woolen, pers. @O®%), a direct
comparison between IGRA and the NCEP/NCAR dataset is not po§diel&CMWEF's archive
of ERA-40 input data, on the other hand, can be requested from NCAR,rabeit a format
that is readily suitable for the analysis of station timeeserConsequently, a comparative
analysis of the amounts of data in the ECMWF and IGRA archivemlis feasible after
considerable data processing. Nevertheless, such a comparison has tieanegeby
Haimberger (2005), who found that the ERA-40 input dataset contains mardefate the
1970s, while IGRA contains a larger number of soundings in the 1990s. THisdfiis

consistent with the results from the IGRA/CARDS comparison (Fig. Al).

7. Conclusion

IGRA consists of historical records of quality-assured soundings 600 globally
distributed stations. The historical data and real-time updatesvaiable online from NCDC,
along with relevant inventories and station history information. Thkeiverds the result of
integrating data from 11 different sources and applying a sequenepeoialized quality
assurance algorithms. Even though IGRA provides fewer stations angried970 spatial
coverage than other global-scale data sets, its records tendhitait ex higher level of

completeness and integrity. In general, the highest-quality dai&RA are temperature,
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geopotential height, and surface pressure at stations with rslatm@plete records in these
variables.

Given these characteristics, IGRA is suitable for a wideeafgpplications, including, for
example, comparisons between measurements from radiosondes and other olystews the
verification of output from model simulations, and studies of boundary-ktyecture. Since
IGRA data have not yet been adjusted for inhomogeneities resultomg @hanges in
instrumentation or observing practices, users interested in utiizeésg data for climate change
analyses are advised to refer to one of several IGRA-derived psodiwtently, these include
the Radiosonde Atmospheric Temperature Products for AssessingeC{RAelT PAC; Free et al.
2005) and Haimberger's (2005) station time series adjusted withaities&nde Observation
Bias Correction Using Reanalyses (RAOBCORE). In addition, theciblgeof a joint project
between NCDC and the University of Alabama at Huntsville (UAH)p produce, by 2007, a
subset of station and regional time series from IGRA thafreeeof significant discontinuities,
using a combination of station history information and multiple change-point tests.

In constructing the next version of IGRA as part of the same NOUBB project, the
primary goal will be to acquire and integrate data for periods ragtbns for which an
improvement in data coverage is most needed. With the availabilagdifional data sources
such as the ERA-40 input dataset (Uppala 2005) and a collection of WaidIIV\era
observations (Bronnimann 2003), it may be possible to augment the emtgdsen IGRA
without compromising our requirements for record integrity. An enhanueimetemporal
coverage should also be feasible at a number of Chinese statiomsthdeeliable data sources

at our disposal during the construction of version 1 of IGRA lacked dated®t1973 and 1990.
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In addition, recently digitized data from certain African countries mgy toeénhance the overall
data coverage in a part of the world where data are particularly sparse.

Finally, during future revisions of IGRA, improvements to the quabgusance system will
also be explored. Potential enhancements include climatologicalyl hesporal and vertical
consistency checks on geopotential height, an algorithm for the idatafi of invalid
tropopause levels, procedures for detecting unrealistically large speeds, and additional
checks on dewpoint depression. Furthermore, the utility of both spatiaktemtsi checks and
comparisons with first-guess fields from the NCEP/NCAR and ERA-4@deses in the quality

assurance process will be investigated.

Appendix: Comparison between IGRA and CARDS

During the 1990s, the CARDS project acquired radiosonde data from overfe@rdif
sources and placed them into one common format in which they areisténedNCDC archive.
The various sources were then combined into one dataset and passed tlywaigh assurance
system based on Gandin's (1988) concept of Complex Quality Control (O@€§}ite efforts to
overcome difficulties with incomplete documentation, unreadable sectbngape, and
limitations in storage capacities during the reformatting psyci® resulting archived source
datasets contain residual inconsistencies, some of which madeuigithinto the final CARDS
dataset. These include inconsistencies in station numbering, undocumentsueadable
variations in the data format, and duplicate records of various typesadtition,
miscommunication led to misidentification of some station numbers @nai®n times for a
portion of soundings in one of the principal sources of CARDS data fdatth@950s and early

1960s (the MIT dataset obtained from NCAR).
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Feedback from users highlighted other areas requiring attention. pesanmclude the
presence of impossible surface levels (e.g., at 70 hPa), an extensivet &f rounding of highly
precise wind measurements, and the removal of some near-surfgoeragire inversions in
regions where strong inversions are common. These issues carededrtgwe fact that the CQC
procedures ignore certain fundamental properties of the atmospherailatal ftilly address
some of the most egregious data problems. For example, the dystesmeval of strong but
realistic inversions may be the result of the system'sngdian a combination of the hydrostatic
balance and synoptic-scale relationships (Eskridge et al. 1995) whieiatengainstantaneous
observations whose variability is likely to contain a significant subsynoptic component

Even though the IGRA project made use of the same reformatteétdatesscarefully tested
procedures avoid the inconsistencies and deficiencies present in CAREfgusing on the
identification of reliable data records, the detection of the mgstfisant and most common
types of errors, and the preservation of local phenomena. The developnieggeotechniques
was aided not only by an awareness of the types of problems encolnyténedCARDS project,
but also by more advanced computing capabilities and experience withssiut surface
datasets such as GHCN (Peterson and Vose 1997).

As a result of the differing processing approaches, the two datdifier in terms of the
number, length, completeness, and, in some cases, the overall quatétiosf secords. When
counted by station number, 1491 stations are common to both datasets, 45 arenfpund
IGRA, and 1021 are found only in CARDS. Of the IGRA stations not found IRIX3 the
majority (33) began reporting data during or after 1990, and many reppsvionl observations.
Data for 154 of the additional CARDS station numbers are containgdRA las part of the

composite records of more recent stations. Many of the remainingt&&@s found only in
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CARDS have rather short or incomplete records and, thus, do not augmentuiime of data
nearly as much as the sheer number of stations may suggest.

A year-by-year comparison of the two datasets is provided by afplbe number of 80%-
complete stations per year in CARDS and IGRA for the common pefioelcord of 1948 to
2000 (Fig. Al). Here, the line plotted for IGRA is analogous to thesponding line in Figure
6, and a station is counted for a particular year and datasetéfciird in the respective dataset
contains at least one sounding on at least 80% of the days in thatlyedigure indicates that
CARDS contains a considerably larger number of stations until dnlg 2960s, when the
number of stations available in IGRA begins to increase rapidlyn®tie 1970s and 1980s, the
two datasets contain approximately the same number of 80%-complsdass although some
year-to-year variation is apparent. For much of the 1990s, therpmexenately 100 additional
such stations in IGRA than in CARDS. The differences before the 1#@0the result of the
stricter requirements for the inclusion of stations and sources atigatemployed in the
construction of IGRA. These requirements lead to the exclusionaferlfraction of stations
from the first half of the record than from the second half sinck ti@ confidence in the
identification of stations and the level of agreement among dataesoare lower in earlier
years.

While a detailed comparison of the IGRA and CARDS quality assersystems is beyond
the scope of this paper, some insight can be gained from a comparigoe séries of monthly
temperature anomalies for the surface and mandatory levels &7 thanzante et al. (2003a)
stations (Free et al. 2005). While the time series from thedatasets tend to capture the same
variability, some significant differences exist at the s@faed 1000-hPa levels where data have

previously been found to be particularly problematic (Gandin et al. 1pp9%zahte et al.
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2003a). As exemplified by the IGRA-CARDS differences in 00 UTC 10Q0-{eperature
anomalies for Darwin, Australia (Fig. A2), a number of these scase the result of an
unrealistically large shift in the CARDS time series tisagither reduced or not present in the
corresponding IGRA data. In the Darwin case, the greater homoganditgduced length of the
IGRA time series is likely to be related to the exclusiothefAustralian country-specific source
data due to poor agreement with the GTS data.

The above discussion reveals that even though CARDS contains ankangieer of stations
and some longer records than IGRA, the IGRA records tend to be moogiéoaous and robust
as a result of the specific merging and quality assurance preseeunployed. As discussed in
the main text, the acquisition of additional data sources, particiitarthe early portion of the
record, is likely to help further improve the spatial and temporalrageein future versions of

IGRA without compromising on the quality of the records.
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Table 1. Data sourcesfor IGRA. Source names arelisted by categoriesreferenced in the
text. For each source, IGRA containsthe periods of record, number of stations, and

per centage of soundingslisted.

Data Source Period of Area of Coverage Number of Per cent of
Record Stations IGRA
Soundings
NCDC Historical GTS 1963-1970 Global 820 7.94
NCAR/NCEP GTS 1970-1972 Global 848 3.01
Core
NCEP GTS 1973-1999 Global 1517 64.06
NCDC Real-Time GTS 2000-present Global 1093 7.13
Other Russian GTS 1998-2001 Global 923 1.59
Large U.S. Air Force 1946-1973 Global 292 4.49
Scale Australian GTS 1990-1993 Southern Hemisphere 170 150
u.S. 1946-2001 U.S. + U.S. military 150 9.81
Country- Australian 1938-1989 Australia and its 17 1.63
specific territories
Argentine 1958-1991 Argentina 8 0.18
South Korean 1984-1992 South Korea 4 0.01
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Table2. Similarity thresholds used when comparing data from different sour ces.

Variable Threshold

Geopotential Height 10 m

Temperature 0.2<C

Dewpoint Depression 0.5 T

Wind Speed 2 m/s

Wind Direction 10°
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Table3. IGRA quality assurance procedures and their impact.

Category

QA Procedure

Items Checked

Items Deleted

Date Check

Year, month, day, hour

Sounding

Fundamental Sanity Release Time Check Release time Release Time
Checks
Observation Value Check p,z T,d, ws, wd Indialdvalues
Duplicate Level Check Pressure or height Levels
Station Elevation Elevation Inspection (manual) Surface height Serfaeight

Checks

Internal Consistency

Checks

Hypsometric Check p, z Individual levels
Height Sequence Check z Levels

Multiple Surface Levels Check Level type indicator Levels

Surface Inspection (manual) p, T Level
Below-surface Level Check p, Z Level

Obs Hour/Release Time Check Obs Hour — Release Tim&ounding
Zero-speed Wind check ws, wd ws, wd
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Checksfor Repetition

of Values

Temporal runs check (generic) p,z, T Levels dues
Temporal runs check (by hour) p,z, T Levels oueal
Vertical runs check T values

Joint vertical runs check T, d, ws, wd values
Frequent erroneous values check z, T values
Fixed Geopotential Height z (Russian GTS only) galu

Climatological Tier 1 p,z, T levels or values
Checks
Tier 2 p,z, T levels or values
Crazy Profile Check T T-soundings
Additional Checks on Generic vertical outlier check T values
Temperature Vertical sore-thumb check T values
Temporal sore-thumb check T values
Lone dewpoint depression check d.T values
Lone wind value check ws, wd values
Data Completeness
Incomplete level check p,z,d, T, ws, wd levels
Checks
Surface-only sounding check level-type indicator ursibing
Isolated sounding check date and time sounding
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Table4. Plausibility limitsused in basic validity checks.

Item Valid Range

Year 1938 to present
Month 1-12

Day 1 — last day in month

Observation Hour
Launch time hour
Launch time minutes
Pressure
Geopotential Height
Temperature
Dewpoint Depression
Wind Speed

Wind Direction

1100 — 0.1 hPa
-1000 to 70,000 m
-120t0 270 C
0to 70 C

0 - 150 m/s

0 - 360°
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